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Abstract 
3He neutron spin filters require a homogeneous magnetic field, otherwise the nuclear polarization of the 3He 
gas will easily be lost by small magnetic field gradients. Magnetic cavities with field gradients of /cm10 4−  or 
better are often in demand, and many such cavities - Helmholtz coils, solenoids, permanent magnet circuits, 
etc - have been developed [1]. These magnetic cavities are designed mostly by using simulations, but the 
actual magnetic fields may differ from the calculations because of the presence of the environmental magnetic 
field as well as nearby magnetic materials. To evaluate the real magnetic fields, a precision magnetometry 
system with a precision of 10-5 was developed.  
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1. Introduction 
Magnetic cavities for the 3He neutron spin filter (NSF) are required to provide highly homogeneous magnetic 
fields since inhomogeneous magnetic fields significantly contribute to the relaxation of spin-polarized 3He gas 
[2-4]. The relaxation rate fieldT/1  can be formulated as  
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where 0B  is the strength of the mean magnetic field, and its direction is assumed to the z  axis. The two 
components of the magnetic field perpendicular to the z axis are XB  and YB , respectively. The diffusion 
constant of 3He gas is denoted by D  and p/107.1~ 4×  [cm2/hr] with a pressure of p  [atm] at room 
temperature. The relaxation rate increases quadratically with the field gradient perpendicular the 0B  direction. 
Ideally, the contribution by the field gradients should be small enough compared to the intrinsic relaxation of 
polarized 3He gas caused by the magnetic-dipole interaction (self depolarization) [5]. At room temperature, the 
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Considering the magnitude of this self depolarization, fieldT  should be in the order of thousand hours, or the 
field gradient normalized by 0B  should be 
410~ −  cm-1 for gas at ~1 atm.  
Magnetic cavities with field gradients of 410~ −  cm-1 or better can be designed by simulations, but the 
actual magnetic fields may not be as homogeneous as the simulations, especially at the neutron beamlines 
where magnetic materials such as iron, magnets, motors, electric equipments are everywhere around. It is 
beneficial if the actual magnetic fields are measured with this precision because the field homogeneity can be 
improved by changing the configurations of the magnetic cavities or by adding correction coils. A magnetic 
sensor with a precision less than ~0.1 μT is required to evaluate the magnetic cavities, which usually provide 
magnetic fields of 1 mT to 3 mT.  Common Hall probes have temperature coefficients of ~10 μT/ºC and 
cannot be used for this purpose. On the other hand, fluxgate magnetometers have enough accuracy, but they 
can only be used in lower magnetic fields. The scaling temperature coefficients exceed 100 ppm/ºC for > 1 
mT. In addition, the size of the sensors is several centimeters and too large for our measurement. Therefore, 
we developed a small proton magnetometer that has an accuracy of 10 ppm or better to evaluate the magnetic 
fields of the magnetic cavities for 3He neutron spin filters.  
2. Proton magnetometer 
Magnetic field strength 0B  can be determined by measuring the Larmor precession frequency 0f  of protons in 
water :  
 
000 '2 Bf pγπω == .       (3) 
 
where 810)66(675153268.2' ×=pγ  [s-1T-1] is the gyromagnetic ratio of the proton in water [6]. Magnetized in 
a magnetic field of ~mT, a fraction of a cc of water can produce detectable radio-frequency (RF) signals, 
although the polarization is quite small [7]. It is, however, necessary to take precautions to minimize noise and 
maximize the signal in designing a pickup coil.  
The pickup coil of the proton magnetometer is shown in Fig. 1. The shape of water is cylindrical with a 
diameter of 6 mm and a length of 6 mm, and the volume is only 0.17 cm3. The pickup coil was wound around 
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the water cell with litz wire (braided/stranded wire), which reduces the skin effect and proximity effect losses. 
Two identical pickup coils, one filled with water and the other empty, were connected in series but in opposite 
directions to cancel external RF noise. The resistance of the connected coils was 2.2 ohms, and the Q-value 
was 30 at a resonant frequency of 96 kHz, with the corresponding magnetic field of 2.25 mT. A small portion 
of CuSO4 was used to dope the water to shorten T1 of protons. The RF signals from the precessing protons 
were detected by a home-built free induction decay (FID) NMR system. The spectral noise density of the coil 
circuit was measured HznV/ 6~  and was consistent with the thermal noise of the resistance of the coils. 
Note that the coil circuit was connected to a pre-amplifier with an input noise density of HznV/ 4.1 , which 
was negligible compared to the thermal noise of the coils. A typical FID signal is shown in Fig. 2.  
 
Figure 1    Cross section of the pickup coil. Litz wire (braided/stranded wire) was wound on a plastic bobbin 
that held doped water inside.  
 
 
Figure 2    Typical FID signal (averaged over 30 measurements).  
3. Magnetic field measurement  
Magnetic field mapping was performed for a shielded solenoid magnet, which was originally developed as a 
magnetic cavity for a 3He NSF [8, 9]. The diameter and length of the solenoid are 20 cm and 30 cm, 
respectively. Compensation coils are added at both edges of the solenoid to achieve better field homogeneity. 
Both solenoid and compensation coils were wound with φ1 mm insulated wires and connected in series so that 
the magnet was operated by a single DC power supply. The coils are wrapped with a thin Permalloy foil for 
magnetic shielding. A schematic view of the solenoid magnet is shown in Fig. 3. The magnetic field inside the 
solenoid cavity was simulated and is shown in Fig. 4 as 222 ZYX BBBB ++=  together with the field gradient 
in Fig. 5. In Fig. 5, the field gradients 0/ BBX∇  and 0/ BB∇  are plotted. The former is essential to the spin 
relaxation as represented in Eq. (1) while the latter can be compared directly with the measurements since the 
proton magnetometer measures the absolute magnetic field strength. The field strength at the center of the 
solenoid magnet was calculated to be 2.14805 mT for the current of 1 A.  
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A stable current source is required to operate the solenoid magnet with a current stability of ~10 ppm or 
less. Common laboratory power supplies cannot be used alone since their temperature coefficients for the 
current stability are from 100 ppm/ºC to 300 ppm/ºC. We, therefore, developed a feedback circuit to stabilize 
the output current of a common laboratory DC power supply with a temperature coefficient as low as a few 
ppm/ºC for accurate magnetic field measurements [10].  
The pickup coil of the proton magnetometer was attached to a nonconducting bar and mounted on a 
computer controlled X-Y-Z stage. Magnetic field strengths were measured automatically at 5mm x 5mm grid 
points on the X-Y, X-Z, and Y-Z planes around the center of the solenoid magnet, where Z is on the solenoid 
axis and the origin of the coordinate is at the center of the solenoid. The accuracy of the measurement was 10 
nT (5 ppm) to 100 nT (50 ppm) depending on the field gradient. The room temperature was monitored during 
the measurements, and its fluctuation was within 1ºC. The corresponding instability of the current was 
negligible, but the thermal expansion of the solenoid gave rise to an additional uncertainty of ~20 ppm since 
the thermal expansion coefficients of aluminum and copper are 23 ppm/ºC and 17 ppm/ºC, respectively. The 
field strength at the solenoid center was measured to be 00005.026062.2 ±  mT.  
 
 
Figure 3    Schematic view of the shielded solenoid magnet.  
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Figure 4    Magnetic field strength 222 ZYX BBBB ++=  simulated for the shielded solenoid magnet (a) on the 
Y – X plane and (b) on the X (Y) – Z plane.  
 
 
Figure 5    Calculated magnetic field gradients of the shielded solenoid magnet. (a) 0/ BBX∇ , (b) 0/ BB∇  
 
4. Results and discussions  
The measured magnetic field strengths for the shielded solenoid magnet are plotted in Figs. 6. The spatial 
variations generally agree with the simulation despite the fact that the field strengths are larger by 5% or 0.1 
mT in the measurement. The discrepancy may come from the difference in the magnetic properties of the 
Permalloy shield between the simulation and the actual solenoid as well as the presence of the environmental 
magnetic field. The magnetic field strengths are compared between the measurement and the simulation along 
the X, Y, and Z axes in Fig. 7. Similar position dependences are observed between the measurement and the 
simulation in each plot, and the variations of the field strengths are in the same magnitude. The measured 
asymmetry field should come from the external stray field since the solenoid has a symmetrical structure. 
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Figure 8 shows the magnetic field gradients calculated from the measurement (Figs. 6b and 6c). The spatial 
variations and the magnitudes are in good agreements with those of the simulation in Fig. 5b.  
The magnetic field strength has been successfully measured by the proton magnetometer with the accuracy 
as low as 5 ppm for a solenoid magnet. In our measurement, the magnetic field of the shielded solenoid 
showed a good agreement with the simulation probably because the solenoid was placed alone, far from 
magnetic materials. But, it could be quite different if it were placed in actual neutron beamlines due to the 
presence of the neutron guide field and magnetic materials nearby. With this proton magnetometer, one can 
evaluate and improve the magnetic field homogeneities even under in situ conditions.  
 
 
Figure 6    Measured magnetic field strengths (a) on the Y – X, (b) X – Z, and (c) Y – Z planes. Note that the 
color scale is in the same proportion as in Fig. 4.  
 
        
Figure 7    Comparisons of the magnetic field strengths along (a) the X/Y axis and (b) the Z axis. Note that the 
left and right axes are in the same proportion, in each plot.  
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Figure 8    Measured magnetic field gradients (a) on the X – Z and (c) Y – Z planes. Note that the color scale 
is the same as in Fig. 5.  
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